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SUMMARY • - ' 



", A aer.ies of pe'rf ormanoe . test a has "been made with a. 
OJR •.eELgina.'.at, constant inlet pressure and t emperatur e and 
constant •exhaust pressure. Special cylinder heads with 
different sizes, and designs "of -inlet valve and port were" 
used. The valves were tested at several lifts - hoth In 
the engine and in a steady-flow apparatus. • _ 

It was found that the variation of volumetric effi- 
ciency resulting from changes in valve design, size, and 
lift could he express^ed as a function of 



piston speed X piston ar-^ea 



sound velocity X valve area x.-iLverage" flow coefficient 



provided that other design ratios and operating condi- 
tions were kept constant. The average fl'ow coefficient 
was determined from -steady-flow tests of the valve and 
port and from the. diagram -of valve opening, against cpank^ 
aagle. The valve area- was- the- area of the valve" head 
hased tipon the minimum diameter of contact Ijetween vaXve' 
and seat. Sound velocity, was computed for Air at- inlet- 
mixljure temperature. _ . . 1- 



INTRODUOTION 



The factors which affect the volumetric e.f f ici*eii.,t.y 
of an internal comhustion engine may "be classified ir;T;o 
two categories? 

(1) Operating conditions, such as revolutions per 
minute, inlet and exhaust pressures , operating tempera- 
tures, and 80 forth 
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(3) Design factors, inoluding-de s ign of cylinder, , 
valves, inlet and exhaust mahif bid's, valve timing, and 
BO forth .;' ■■ r ■.' '. " 

This investigation was carried "out to determine the ef- 
fect of • inlet'-valve d,e b i g.n , ;s 1. ze , and lift on volumetric " 
efficiency at several engine speeds. In ordier to accom- 
mod-ate valves of. different' size's^ . the cylind;er end of tho 
inlet port had a different diameter for each' size of valve 
tested. All- other, operating conditions ,and design ratios 
were held constant.. 

In references 1 and 3 rep.orts were made of previous 
investigations "at Massachusetts Institute of Technology 
on the relative importance of inertia of the air columns, 
fluid friction, and heat t ranB.f«r. u-ppn. volumetri c effi- 
ciency-. In these reports it w>as .shown that;, at low aii;' ' 
velocities, the vaiyer. and -port aff-ecst the yoium-etrlc ef- 
ficiency chiefly "by- increasing the temp er atur-e, of the 
charge in Jbhe • -cylinde-r-j ■ At hi-gh«r ve-]LrOcit.ie.a the volyi- -- 
metric ef f ioi ency- may also iD-e. reduced- hy a lowering of 
the pressure in the cylinder at the time of inlet closing. 

Methods^ have- heen d«velop.-edr for a-xperimentall y deterr 
mining the resistance offered t o.; steadV air f j c-* by dif-. , 
ferent designs of port and valve. (See refaiei^o-es 3, 4, 
5, and 6.) The measure of this resistance is embodied in 
the curve of steady-flow' coef f icl«?nt. s,g.ai.fu> lir.fc-diameter 
ratip oh'tained. by static-flow . tests ■ I'his type of -test- ' 
ing is descrlhed in appendix A. 

■Resistance 'to flow- can '1(6". reduced 'by" the following 
mean's: " (l) increasing 'the valye area; (8) increasing" the 
valve liftj and' Cs)' improving the val've/and, port "design... 

■At the 'present time these facts aire rec'ogntzed by 
designers , "hut- as' yet" ho rae'eins h^ve.been developed "bj* 
whioh it is possible to pr edi bt "the " qiiant it afcive effect 
that changes in these factors wi].l have on iihe volumet- 
ric efficiency and power output of an engi-ne. The pur- 
pose of this research Was,, t o, i.nvee.t igat e the possibility 
of such a prediction by correlating the curves of volu- 
metric efficiency against piston speed of an engine op- 
erating with different' sizes and designs of inlet valve 
and port 'and observing the corresponding tre^ids in power _ 
output. ' • ■ ■ ' '■"*••••• ' ",' "•" ~' 



The objects of the tests were* 
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(l ) To investig^.*© the possibirity of correlating 
the r (ilationships "betweea Volumetric efficieD.cy and piston 
speed of a given engine operated with inlet valves and | 
porta of dif feren.t si.z.e T?.ut. .o.f '.similar design 

(2) To determine whether such a correlation can "h.e 
applied when the engine is operated with.. a given . inlet 
valve at several lifts ' . . / " 

(3) Tp. ,dst\rmine whether the correlati on .fpt the case 
of 'geoinetric.airy similar valves can he S9.tisf aqtorily ap- 
plied when dissimilar valves .are us.j©d. . - 

(4) To de'termine whether, under the conditions of 
the tests, changes in volumetric efficiency produce cor- . 
responding changes in mean eff.ect3,ye pressure 

The te.sts were made at the Sloan Lah oratories .of 
the Kas sachus e'tt s Institute of Technology with the 'f in_an-' 
oial assistance of the Hational. Advisory Committee for 
Aeronautics. 

DESCRIPTION OP AP.PAHATUS 

Engine . .. . . 



The engine used was a OrR singleroylinder , water- 
cooled engine of 3»25-inch bore and 4.5-inch stroke 
(figs. 1 and 2), The cylinder used was an old style witTi 
removahle head. (A special steel .flywheel was used, and 
a heavy-duty connecting rod with removable crankpin hear- 
ing shells was used after the usual "babbitt type failed 
to stand up at high speeds.) 

Pour cylinder heads were used (fig. 3); they were 
identical with the exception of the inlet valves and 
seats and the lower portion of the inlet ports. A 
standard CPR exhaust valve was used. An aluminum spacer 
between the cylinder and the cylinder head provided 
openings for two spark plugs. The. compression ratio was 
4.92. Ignition was provided by a breaker operating at 
.crankshaft speed. 



Inlet System 

Air supplied to the engine was passed successively 
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through a standard shs^rp-edge orifice, a SO-gallon ori- 
fice iDOx, a throttle Valve, a heat ed . vappri zing tank., and 
an intake pipe leading to the engine, (See fig; 4.) 

Inasmuch as th-e^ -inl e't pressure used for calculdting 
volumetric efficiency was measured i-n. ,.the vaporizing tank- 
it was desirable -to .Ijftve negligiTjIe . p.rg8$]iire dr op through 
the intake pipe arid freedom from- resonj^iioe effects that 
would oomplicat.e- apr Analysis of the rebui'ts. Therefo^'ef ' 
the int ak-6- pipe was, iiija'd.e as shor.-t. as pr ao t i o at? 1 e and was 
extremely large for the' air fl-ow .4;hr ou§h^ Vt,"- •••(See fig.. 
5.) An att-©mpt to measure pressure wave;8 [in the . inl et 
pipe, disimohstrated •■ that, the pressure variations ■ we-re lees 
than 5 percent of • tb^e pean ahsolute .pressure, 

' ■ ■ " ■■ Fuel, and S'uel System - ■ • • *. 

Ihe fuel used. was 73-octane aviation gasoline, both 
leaded and unleaded. The only oritic'al characteristic 
Was volatility, since no detoaati:pn was encountered even 
when 65-octane fuel was ti'ied. 

The gasoline was supplied "by a pump to a steaas- • 
jacketed- nozzle , where it was heated Just prior to in- 
jection into the air stream entering tha jackejied vapor- 
izing tank. (See fig. 4.) With the tank walls heated 
sufficiently to maintain 180° Mixture temperature 
enter ing . th-e . engine , there was no trouble from condensa- 
tion of aviation gasoline. 



Exhaust ■ System 

The exhaust port, was connected Vy a sh'ort pipe to a 
S-rgallpn' water- jacketed surge tanic. The ■ exhaust gases 
then passed ■ through a throttle • valve into-the laboratory 
exhaust system. (See figs. 4 and. -5.) 



Cooling. System 

Cooling was. .iixci.vld.ed. by .-circulajjing , water throu,*^!! 
the jackets , by a separately driven pump. .AaClcet_ t emj^er- 
ature was controlled by bleedi^ng cold water or steam into 
the system as occasion required, . " 
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Lu'brication 

A separately driven gear pump . for ced lilbricating oil 
into t'he oil gallery o'f the engine -under pressure. The 
relatively lar^e amouiit of oil ■'bypaased 'by a relief valve 
Was circulated through heat exchalngers and returned to 
the sump in the engine "base. This arrangement provided 
close control "both of the temperature, of the oil in the 
sump and that of the oil entering" tiie oiX"gallery. 



Valves' 

Strohoscopic observation o.f the operation of the 
standard Waukesha high-speed camshaft and special valve 
gear indicated that the valves ceased to follow the cam 
above 3800 rpm and ''bounced on closing at slightly higher 
speeds. Consequently a special high-speed gaffi and upp^r 
valve gear were designed; This mechanism provided ex- 
treme rigidity and eriati-led operation above 4400 rpm with 
no -evidence of bouncing or. failure to follow the cam. 
(See figs. 6 and 7;) An adjustable inlet rocker arm was 
the means of 'changing the lift. r ' 

Three of the inlet valves and ports lised were of the 
same design (A, figs. 3 and 8). The elbows in the ports 
of all valves were of identical dimensions and were suf- 
ficiently large to offer small restriction to flow com- 
pared with the valve and seat;' Below the elbow," the port 
was tapere'd to suit" the particular valve for which it was 
intended. (See 'f"ig. S.) - 

The dijameters of the geometrically 'similar valves 
were arranged to give e^ual increments of area. All de- 
sign ratios', as well as the calculation of the flow coef- 
ficients, were based on the minimum diameter of contact 
between valve 'and seat,' Dg in 'figure 8." Even the - 
largest inlet valve was ■ considerably siaaller than the ex- 
haust valve. The large : exhaust valve was considered de- 
sirable in order' to- mitiimize variations due to exhaust 
effects , 

The -fourth inlet valve was of the same diameter as 
the largest valve xjf the geometrically similar series 
just d6scVibed but' was of different design (design. B, 
figs. 3 and 8). 
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The three valves of , design. A, together with their 
ports, had identical curves of flow coefficient against 
1 i f t -di amet er rAtio;' the^valve of .de.sign ? had different 
flow characteriBtici?. '( See-, f i^. ' 9. ) '..In prder to deter- 
mine the ■ fiow-coef f iclent curve of, the vaiy« iXnder efready- 
flow* condi.ti'ons i the- valve and the .cylinder were mounted 
as 'shovn in figure-. 10, .: The air. passed through, the ori-^ 
fice "box and. into the- valve p ort ■ through a rounded ap- 
proach* ■- The valVe lift was adjusted "by a mlcirometsr 
screw at the top of the cylinder. A constant pressure 
drop of 10 inches of aloohoj was ijiaintained across the 
valve by exhausting the cylinder with a vacuum pump. The 
method of computing the flow coefficient is described in 
appendix A, . • . -. 

Measlirl.ng Instruments 

Torque ".was measured .with a small electric cradle 
dynamometer and' "beam scales. Speed was determined by 
meohahical tachomet'^r in conjunction with -a strobotao 
operating from a 60-oycle alternating-current line and 
illuminating 36 painted stripes on the flywhea-l. 

Air flow was measured by a sharp-edge orifice and 
an NAOA mioromanometer . The- orifice was constructed in 
accordance with. the specifications given in reference 7. 

All t emperatures- were me.asured with mercury-in-glass 
thermometers with . the- except! on of oil tempera.ture s , 
which were measured with vapor-p-ressur e ther-mometers . 

Fuel .flow was me.asur6d by a rotameter, the calibra- 
tion of which was freoue-ntly checked by a combination of 
weighing scal'-es and- an autom,atic stop clock, 

Atmospher.lc pressure was- measured with a mercury- 
barometer, inlet -pressure was measured . in the vapor izl.ng 
tank with a mercury manometer, and exhaust pr.essurj9 was 
measured in the exhaust surge tank by the same means. 

Valve lift was determined in the following manner: 
■with the engine cold, the inlet-valve olearsnce was set 
to th6 hot' ■v'alue and the rocfcer-ratm ratio . .was adjusted 
(fig, 6) until the desired lift was- obtained when meas- 
ured with a dial gage. , 
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"Spark advance was measured Tsy a'' hecil* if ght (excited 
"by the spark discharge), which revolved with the crank- ' 
shp,f.t .^d^aoent t o , a _stat i onary protract or , 

The principal afea'S'dr'einent ■ required-^To^ Tt'ese' t'est s'" ' 
was the air capacity of^the engine oyer a range_ of oper- 
ating, speeds . In ' order^V'to' 'i'^ke unde"r_ 
coopara,tive"; cpndi VijD'n^BV' all" v'ar i ?ii3 le s' Ve r e carte fuOy" oo"n^ 
trolled.'"' . Thi's pr.eoauti'pii made- prbsVi'blV t'Ke" Valculal; i on' ■' 
of ot'h'er' quan titties' lihat Ve're' 'Ian- %id- in'^ in- [' 

consistencies in the data and in determining the* cause's " 
for.' any nonT enroduciliility of results. 

STD.ecif icaily',' the f" o'iibw'i'ne" 'ouan'ti ti"e9^" wer'e'^^ieid-^^ 
stant at the^ Values . indic^t"6"d;: ■ _ i ., " . . " ^'-i 

Inlet -■mixt'ure" JemVeratur.e'^, '°'T ". '. -'r"^-^ ^/1?P 

■^''apori zin-g-t'ank; 'pr e a s,ur'e_j" 'inches' Of' m'er-bury' ^i'bsoi'dte'^2¥^; 4 

Puei^i^'ratTb'': .''^ Y ■'.'^.' '/''i''^ ^"^^ q;.t)V8 

Oil' tVinVei-a:t'uVe;/ '.'■^%' ^ V V ^ iir^f 

Jacket-water outlet temperature, °y ". 180 

Exhaust surge-tank pres sure inphes of mercury 

absolute ■ •.-•'.- • , . . ■■■S1.4 

Inlet-valve and exhaust-valve running clearances, 

i;ioh 0.010 

' . ' fjtn'lVt" bj)'en's ,' de'greeV B'^.'V'.b^ ' - ' 3S 

w n- ' "x'/ 1 vj 'lnYet crbses .'r degVeVfe '/vX C'-. '•■ B"8 

Va3^e'.timlng^'jg^^-t^^-^^^ de^reeV;%.?U)^y ; " : ^ 

The foTlowing quantitfes were' varied r ' '"..".'. ' 

■ i^l). ;®nsinje; «j^e4. \ i -;.• '-.■ 

+ ^(r2.; Inle.tr-vj^lv,e. .and. :l.QW.e.3r, -PPJ^ ... 

.^.(if): ^ini:e^--i5iav^e;^^ft_^.. .„ ^'>^-.";^:>i^-T^if^' ^v.. .--^^cl - J , 

■ > J" V '-•. :r 1-:.: * i.: j. ! =-„ 
. . ..' •. (,.4: } . . Ijil.e.t .-uv aA v.e ,d.e s.i.en- . .... .. . ^ " • . ^ . ^ 

.,(.5 )r.Spa*r.k aiivan^^e ,Xai^ i'.. .... 
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Several facts that affected the procedure were dis- 
c-o.y..e;r„ed... _ .: .j . ^ , " 

("1 ) The cu^rv ;'of- '^bver^ 
was very flat fo'r cVris^deraTiTe';^ o'f finel'^aijr ratios, 

and the "best power fuel-air ratio did not change with 
speed. This result made it .possible to use a constant 
value for fuel-air ratio iilgtead -of having to determine a 
new value for each set of conditions. 

(2) The. curve. 'of power 'out^uf ' againsf '"sjS&rk advance 
was vary .flat, ..ail . ^.ii^tauces; ^ Shi s ■ r esult ^ade ,it dif- 
.fipult ■to .det6riniiie,iha "best power -betting "bttt , "at the ■ ; 
same .timii,-. reduced ..the pttor resulting" fi-oin'- a isistake in 
Judgment," .''/V ' i •• ..w 

.(3) OarTson' deposit s -ar.oundj he inlet- valve remark-' 
ably increased re si st ano'e 1 0" fJL 0* through ' the valve and 
produced a corresponding reduction in air flow and power. 
This result joadis it neces sar^r' t'o ' rfeiSovi the' <s'j-lind'er head 
for cleaning after e-ach s eri'S s' "of- f i ring t-Uns and to 
shorten the duration of each- seri es , as . much as compatible 
with,, accuracy'. .and rep.iroducibi.ldty 'of' r esTilt s . 'Trouble 
from th'is cause was eliminated 'by' 'taking the'se piriecautl one . 



TiB S T S'^ '■ 



,. ■ .Each of the" 'three similar "ihl'Wt valve's (design A)- 
was operated at' three lifts. • Inlet valve B was operated 
at one lift. In e.aoh case the engine was orun, both fir- 
ing and m'ofor'irig, 'o'ver 'a "speed 'r%.n'ee ■'■fpo;^ 2000 to 4400 
rpm, '^iri 400 rpui ■irfcreinents, ■ Iii' ' addi t Ion t-o this ,princi;pal 
set of^runs, a pfejiminary •set of- •^^In8 -w^a's ' ma'de to "defer- 
mine 'tlie 'propef f uel-aiiS ratio and "th'e s'ensitivity of out- 
put to spark advance. ... 

The running time required for equilibrium conditions 
to be attained was shortened by cii'culatin.g ..heated lubri- 
cating oil through the lubrication system and_ by circulat- 
ing hot water tht bugh'-the^ 3'a^lket 6 - f or-,' apprpxTmat ely an 
hour before starting the engine. After the engine was 
started an additional one-hal f '"t p ; three'--q.uarij.«i'.s- of an 
hour was required before complete temperature equilibrium 
was obtained. The air capacity seldioto changed after 5 
minutes of operation under a given set of conditions. 
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The speed, was J>rOg,res sively increas.ed- from 20.00 to 
4400 rpm, and check points were taken \3ef0re the engine 
was stopped. Several times .d.uricxi^ th^coourse "of these 
tests complete curves were rerun to check reproduci"bili ty 
of results, which waa found to Toe unusually good, 

- i."^: RESULTS • r-ifiir » . r"; 

The primary results of the tests are incorporated in 
figure 11, air .capacity against. .^ist on speed; figure 12, 
■brake horsepower against plat o"n" speed; and figure 13, 
motoring friction horsepower against piston speed. Sub- 
sequent curves / fire '"dertyed from. these., 

* ' ■ ■ i ""■..»-' ■* n .' J' **■'*• - 

DISbUSSIOH Si RiBSULT^ XhD dOR&ELATIGiS - 



Figure 11 shows a wide variation in air flow with 
Tsoth valve size and lift, 68p6claiiy ' at £igh pS st on speeds 
Each of the curves seems to approach a limiting value of 
air flow at high speed. The reas6naT5leness~ o?"^this result 
Can be seen by considering that the mfiximum possible air 
flow would be attained by having" sonic' velocity through, 
the valve at all times. A calcul-ation' of-t&is limit, for: 
the 0, 950-inch-diameter valve operating at 0,238-inch lift 
gives a result o.f 0-. 0.35, pound of air p.er,,^,eco;rid; . the en- 
gine test showed the maximum flow to ¥e ^ 5»,pS6i./p.6un^ J>&^ . 
second. The lift curv-e and the fact 'that' the ' valve waTs" " 
off its seat only 226/720 the time (see cam-lift curve, 
fig, 7) was taken in-to a-coount i<n .thi s" c<alcul.ati. on , but 
no attempt was made to allow for temperature rise due to 
^ heat .transferred to the air by the valve and port. 

Of more ^.nterest for this report is the volumetric 
efficiency e, defined as follows: . . 

. .-: , . : . - - / .v^i ^ - - - 

K:: 60 

where ^ "' ' . 

M 'air ■ capacity V' l>ctu;a.ds: per ■•8. e.C'Ond' > : , .v^-^.? 
N engine speed, revolutions per minute' 
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■ "inlet' dea&ity ,: ■poam-^'.s .-p-e'r- cubi-c . f-o oi>. ..- ■ • . , 
Vjj p^i.st'ori :-dt'sp^l£iiCefflGht ; rcuMc feet' J.-.-- ' . :. 

It h'as "been "slio'wn "by dlaen'si briaf ' analy si a •(rsf«rence 
8, p. 837 f . ) that volumetric efficiency e can be ex- 
pressed, as a function of .. e ev-eral-. variable s . Keglectinc 
heat transfer, the following ' auantitl es are believed to 
affect e: 



..SyMBO.LS 



P air density at intake ' (S* T^) "' " " 

p. air -viscosity -^t intake (JF Ii~t. T).} , 

c sound velocity in intake air (L 

.1 . characteristic length" dt . Engine .(L) 



.rota^[i,'9nal.. ppeed ..df.^engine '] (T~^ J 



»■ Sg., . des ign .riaVios .of engine. ! and . _ , .. 
a-^, eto. ■ inlet .. sysijem . ,(0) .' • ' .• ' ' 

If these" ^fe" all'-' 6f the- qtiarit£t"fe-s Affecting c", 
tn&re may bfe" written " " '' ^ : ~.' ~ 't . 

©■ -. 0i.<p, -.M.-. -CJ li N.i R^, R3.j .R31 .' etc. ) 

and, by arranging them into nondimens i bnal parameters, 

® = i^a \ — ~* ^3* 

But IN is proportional .t'-D . 3, the piston speed, and 

— jljl — = constant X Re, where Re is the Reynolds number. 

Since the flow in most actual engines is well up in the 
turbulent region, it is reasonable to take- no account of 
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changes in the ' pararaet'e'r" — — '■ — , ■ HV*.'ee 

• '.•>■• 4* • ■ •• ; . . • . •; 

e = 03 (f . Ri Ra. R3. etc. ) 

For geometrically similar engines with similar inlet sys- 
tems Rx I ^3 1 1 and so forth, are constants, and 

ffor the case of engines of different djesig"h, it is"" 
convenient to retain the parameter b/c and. to modify 
the expression "by introducing the design ratio 

_ pi.st on a rea 
valve area 

and ... . • . 

■ fis = 1. ■ . 



average flow coefficient 



The' reason for using tjie first of these design ratios 
is immediately seen to "be an attempt to change ^.iston 
speed s into the corresponding gas velocity; through the 
inlet valve. 

The average flow coefficient is defined in appendix 
S. It is "based oh the lift-against-crank' 'angle curve, 
obtained from the cam-lift curve (fig. 7) and the roclcer- 
arm ratio,- and on the steady-flow coefficient, obtained at 
each value of' the lift, Th"e introduction* of the average 
fl ow coefficient as an additional design fap^ior corrects, 
the nominal valve area for the changing lif;t ■ ^urjng the 
suction stroke, and also includes- contraction effect s 
through the "orifice"- formed hy .the valve and. seat-, (See 
appendix A.) ...{.... 

In a normal- engine, another important 'gavameter is 
the .ratio of in-J; ake-pip e length, to- stroke. . In this case 
the 'effect of tiii's par'ameVer 'Vas purposely min'i'mized "by 
using a short -pipe. .'Qif.-.l.a»^js-.-4i.ameter , and ij could there- 
fore he ignored,""' ■ -■■"••^-i' ■ 



1-2 



NiiCA- ajadhnal-cal :SFat;e ..Hq." 9.16' 



It might "be exE€Ct.ed 'Chat;, for, all. engines with th^ 
same valve tijning and with 'iiiie sa^ne Inlet and exhaust 
conditions, there would be a uniaue function, 




where * •' " • ' ' • " ' " ' • ■ » • 



8 piston speed 

0 velocity of aound 

Ap pi&ton"area - . 

A.^ nominal valve area 

average flx>w coeffici'ent -of -valve (appendix B) 

This equation will not, in general, hold if there are 
resonance effects in the inlet or ezhaust systems, or if 
the heat transfer Jo__a.unit.-.weijght p.f ..ghiirgP during its 
passage into tb.e ; py litt'dea?'- v-arjL'es-.- appre.ei ably with the 
valve size or design. 

• In, ,6r..dsr -t-o- teat th-6"k"bev6 acalys'ls'; the volumetric 
efficiencies, as : de berffiined ' fr'om f 1 gci e."- lO. vei-e firsb 
plott-ed aiai-netr ■ ■■ r*-.- - ■ ■* - -' .- 

piston epsed x ^igu.ori. ai-ata 
■ sound- velocity Jc va~|ve arfea' 



8)i"and' '•' " 

mlxtuE^ tern- • 
i ah out .the 
•obtained - : 



as in figure •14. ■• 'Talve area- is • ' ■ ' (f igt 

. ... . . . ; - : ■ - • ' : . . 

s ouijid-. velocity is computed • fpr .-.a^ir et inlet- 
perature V • -Ihe- most :lntej:6et3.ag .-p Cf i ja t t o .not 
curves: of' figure ■,;14 jis.-thai! vtft^e. /th-'ft^i curves 
with sinjilar ; valves ^»un^^ing-. 'a -fc >t!he'. 8a©e '. i-Iij^^^/Da ■ ratio 

(0,25) are practically identical aver most of 'the speed 
range covered, 

• "The -oorrelati 6n -obtained by itfuitipl-yih'g the absoisda 

seal? -of :f i-gu]?«i 14 by : — : - ^*'tf^ - - k^, . ' ia 

average steQ,dy-flow cqaf f icient 
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shov^n -in- figure- IS', The fadfor ■0.445- is the ' value of the 
.ayej;'ag6 flow: coeff ic'ient for valves of "ie-sign A "o-oerating 
•a* Iiniai/^s ■= O-^S. ■ : • ^ •■■ . "... " ...L 

The 'cort ela'ti.on ohtain.e.d "by this method seems remark- 
ahly good. It may he noted that the curve for the valve 
of design. B tends to show a slight departure in trend from 
the average of the points for the geometrically similar 
valves.- ■ This difference', together with 'th.e smaller de- 
parture of the other points from exact correlation, may he 
explained in part "by the discussion which follows. 



Thermal Effects 

ffo-rhes and Taylor (reference 2) have analyzed the 
temperature rA.se of the fresh charge entering an'"engine' 
cylinder. For this purpose they divided the total tem- 
perature ■ rise into three parts: heat tr'ansfer fi-om valve 
and port. to the flowing charge f pres sure drop due to re- 
sistance to flow in the valve (with subsequent recompres- 
sion and temp, rise); and, finally, the' unaccounted-for 
temperature risis,, a part of which' was due to heat trans- 
ferred to the stagnant charge ftom valve -ahd port during 
the period while the valve was closed. . ■ " 

Several interesting facts resulted'' from this analysis 
iPirst, the computed temperature rise-due to heat traiisfet 
to the flowing charge was slightly .less at 1500 rpm than 
at 1000 rpm hut was a much higher 'pieroentage of the total.. 
Secend, the temperature rise due to flow resistance dou- ■ 
bled from 1000 to 1500 rpm, -and the percentage of total 
temperature rise .attributable to flow resistance trebled, 
Finally, the unaccounted-for temperature rise dropped 
from 56 to 26 percent as the speed wae increased. 

It now seems likely that this large change in the 
.unacoount.ed-f or temperature rise was at least partly due 
to a valve-timing peculiarity. The combination cSf late 
in-let-valve closing, slqw speed, and large inlet valve 
probably caused some "blow-back" of charge into the in- 
let port before the valve closed, with* the result that 
some portion of the charge passed three times through the 
valve instead of once; this-, action violates one of the 
assumptions u.sed in cal cul at i-n'g the hea't transfer from 
the valve to the flowing charge. 
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The dimensional analysis in the present report takes 
no deliberate- account of these import an,t thermal effects, 
^>jit;-:i.t -Is lifc-eiy tha't' fhe average' flow' •'c'd^'f fie lent paran)- 
6tt-,e-ii- does-' i'n'c;itfd-fe' a partial 'correction f"or heat" transfer 
■e,-^: long: 'as ■ the' d^e'sign' of the raXVe is- unChari'ge'cL 'Two 
8 i»i lax;, valy.es: .»$i'6-r ate d "at- f-he saine' Value o'f . '. ''" 

.• . •. .■ . ■ -, — .»>■ -..--r-' "i" ■. .• ■• ■ ■ • .' - ' ■ . 

piston- .spee.d. .^-^ p..vst.on.: area a constant • 

sound velocity valve area average flow coefficient 

would he expected to transfer ahout the same amount of 
heat, per pound of . air pa.ssin^ . -th-tough them.i since the 
vel Ooity ' over /th« . s.urfa.ces,. is. th-e same in- tji-e two "in- 
stances', ■.A..p.ossihle,diff eyenee-.w^ Tpe due- to variation 
in' Seyn.oi'd's. puinh^g'jr , which 'will . pro"baj)iy-. have a" very ianr&ll 
effect J over ■ Jj^ft; range.; Qf..,8ij2!ea investigated., 

'■ On 'the . oilier hand j , it' is- npt .difficult to- imagine 
that 'aii i.mprb-yem^nt ' of ...flow .hy . the -addit i on ; ■ say , " of 
stra.ighte;ii.hg vanes in, a, port eihow rm.ight -decrease the' ' 
measured resi stance to . flow;, ./buty fi-»- an -engine, the in^* " 
crease in heat transfer resulting from increased surface 
area might cancel the gain d-ue-to .improvement 'in measured 
floy cp.e.f £i.'cient, -' 

, .('.. ..It' ils '.noi 9ur.p,rji.sin'g ,. t^^reior.e ,-• t o~-f ind' th&t the- 
"curves q.f. .f.i^u:;',© 15, -ghowv better .©[Oriielat.i on .b'etw'een - ' ■ '■ '■ --^ 
valves, .of. .t'hV S;a"jne de.aigii; than .w-ith\th;e' va'lVe 'of -^Jiif fetent 
de s"i;g,n.. , Thi s. 4a;c t.-woulds. • ^^m. .-Jj .o ;dnd.^.o-a!t.e th'-at • tte ad_dl- ^' 
tTbnal 'p^.?:ame.t.ex.8 .wjhi-qh, must b.e ia.tr.'Qdu-ced 'into the "d"i — ' 
mension'&ll^ anal.y_.8.ie- ta.tak;e. c^Lr-e-. KJf:.- he"K.t.:-;fer.asi8fer" •coaiplet'-e~ 
ly will "be p'rim'ariJ.y" functions of* design. 

? - : ; < IavK.'J. .^..-i-J -- - 

^ .. It' >rj,ll'; be .not.ed.. i-Ji_. Mg;ure..il,;3,. -.t'haii- max'imum- pov-eir but- 
put 'decf"ep,s'ey '.an-d'; that ,t"he_ . p.ea^^ 'of;. -t^h e: curves'.', occur at 
pr ogr.i^>.si.yely. .l.pWpr /pd.s.t on., .^.p.e eds ,v. ^ t-he.- i'nlet-valv.e di-- 
aineter^ b.VJliif.l; '.I.'s-4ecr.e'as!e^^^ Ilii.s:^ effi.e-pt -Is' .-si mil ar t o - " 
the ,ef;f 0O,'"t., n 9^,1,0 ed, when,, an enging . 1.8 • ^thr.ot.tl-ed in: t_^^_ or- 
dinary ' manner , ' If It i^' as.sume.d that •• ixi'dicated' h'0]C&^"<^'''6r 
is proportional to air capacity (fig, 16 is a measure of 
the validity of this assumption), then it can be seen 
from the curves of figures 13 and 13 that the brake- 
horsepower curves will have the characteristics noted* 
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The , peak tirakie horsepower occurs at' -the piston, speed 
where friction horsepower is f i si'ng'-as rapidly as in-di-" 
oated horsepower, ' . . • ..- 

The indicated horsepower may "be expressed! 

7 7 fl ' ' ~ 

■ >hp = M !■ ^ ^ ■ : ; ■ v _ . 

where 

M air capacity, pounds' per second 

I fuel-air ratio . . 

Eg heating value of the fuel, 'Btu per pound 
T( indicated thermal efficiency- 

The slope of the curve in figurie 16 is proportional to 
the thermal efficiency ti and the scatter of points' give 
an indi cati on.' .of how ■ nearly cons'tant -the efficiency , re-, 
mained. - Too puch -importance should not b.e attached, to ■■ 
in'dividual. point 8 -in figure- 15, hecaus.e. each point con-;-" 
tains at least- two appreci.ahle • errors The f-irst is the 
ezperimeatal error in measuring "bo-fch the hr.ake and. fric- 
tion horsepowers. The second is due to the asaumpt'ion 
that the motoring friction- is the same-, as the firing 
fricti on, , which- is not necessarily true (rpferenoe 8, p. 
1S.9) . ■. ■ -. . . . ■ . . ■ . ■ ■ .. .. 



OONGLUSIOFS 



1, Under the conditions of these tests the steady- 
state flow coefficient of the inlet valve and port was. a 
useful measure of the act-iial coefficient under running 
conditions. 

2, The Variation of volumetric efficiency resulting 
from changes in valve design, size, and lift can "be ex- 
pressed as a function of piston speed, sound velocity, 
piston area, valve area, and average flow coefficient, 
provided that other design ratios and operating condi- 
tions are kept constant. 
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.3,; .With-the v.alve timin-g- used,-, • ani .ov^r. the. speed • 
ra-ng.e investigated, increasing either the inlet-valve 
diameter' or lift improved volumetric ef f ici.ency and power 
output . 

4. At values of lift-diameter ratio less than a'bout 
0,25, changing the inlet-valve lift had the .same effect 
as changing the diameter, while fox values a'bout 0,25 the 
diameter had a greater effect than lift» 

EEC OMMBITDAT IONS . 

Attention is invlted-to the fact that nominal gas 
velocities, through the inlet valve,. ... 

piston speed X piston "area ■ ~ 
. .J. - valve area .... 

' • '. . . ■ .' ■ 

for these tests varied from '^^O- to 830 feet per_ second^. 
In current aircraft "engines! at rated, speed, this factor' 
is in the neigh'borhood of 180 feet per second. ' This fact 
would indicate the desira'bility of extending" this inves- 
tigation through a loVrer range of 'nominal gas^ ve-i-Oclt"ie^8 , 

Since, variations in JLnlet-vaive " i; iming might have 
an important effect on ihl et-valve performance, particu- 
larly In the lower speed range, it is recommended that 
any further work in this field include inlet-valve timing 
as a varia'ble, .... 



Massachusetts Institu'fe of. Technology,. 
.Oamhridge, Ha.ss .,. April 1943. 
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' . APPENDIX A 

METHODS OJ DBTERMIiriirG- 5'I.OW OOEfffflOIBlfTS TOE STEADY PLOW 
- » • The Flow Co6ffloisnt 



The st e,a(iy-f low coef f i-oient - f or poppet valves has 
been developed to serve' as a^'baeis upon which to compare 
various valve and port com"biiiati ons (references 3, 4, 5, 
and 6). The flow coefficient is an inverse measure of • 
the resistance to flow through the valve and port at a 
given lift. • ' . _ . .^....^^ 

In the det ermlnat ion . of 'the flow coefficient, a con- 
stant pressure drop is created across the valve and the 
rate of mass flow is measured, . lor .the low pressure (irqp 
usually used (10 in, alcohol)," the flow coefficient is 
determined from the equation: 

M = Ay 0 j2~pKv 

in which the .flow coefficient 0 Is the only unknown. 

The flow coefficient is hased upon the nominal valve 

ttD3= 

area — ^ — • Clianges in the actual area of the valve 

opening as the valve is lifted are reflected in the flow 
coefficient . 

In order to make possible, the. comparison, of valves 
of different diameter, it is necessary to compare the 
flow coefficients on the "basis 6f a npndi,mensi oiial param^ 
eter, in this case L/D^. In the st ead"y'-f low tests made 
for the present report a series of . li f t.s. was selected fpr 
each valve such that the flow coefficient was determined 
at intervals of 0.05 L/D from 0 to 0,35... ..^'igure 9 shows 
the results of tests on the valves used in this investi- 
gation, and figure 10 shows the apparatus used. 

The selection of the diameter upon which the valve 
area and the L/D ratio are based. is optional. When 
different' valves ar e . c ompar ed , howeve r , it., is necessary 
to use the same characteristic diam.eter. 
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The flow coefficient of the valve at a given L/D 
is calculated, from the measurement a ■ made :with' the pre- 
viously described apparatus "by the following convenient 
formula, developed in reference 6, "by-, equating the air 
flow through the metering oriifice to the air flow through 
the valve : 

M =:Ao Co y2pi Api = Oyipa Apg ~ 
and ' .. 




provided that S pg, which- is equivaleTi,t to, having 





Api « Pi 


where 


M 


air flow, weight Jer unit time 


0 


steady-flow coef-ficient of valve 


Go 


coefficient of m'etering'orifide 




■nominal valve area 


^0 


orifice area 


Api 


pressure drop across orifice 


Aps 


pressure drop across, valve 


Pi 


, density at orifice 


O3 


density at valve 



*• Intermittent TloV", 

Ihe cS-i-Ve of C against L/l) '. calculated "by the 

method Just descri'bed is olitained under steady-flow con- 
ditions. In the' internal-combustion engine the flow is 
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intermittent. The appI-i>oaticin ■ of steady-flow results to 
intermittent conditions was at first questioned (refer- 
ence 3), tut the validity of its use was. later established 
■by VTald'r&n*. (ref er ence'^S ) .. '• Waldrbn 's bests'," however, w6re 
run at • speeds" app'recia^Jly lower" 'than those e mplo yed in 
the present testsV The ' V a-lidi ty- of the applicat ion of 
the steady-flow coefficients to int ermitt ent * condit ions 
at the highest crank speeds used here has not iDeen. estab- 
lished. The success of the ■ eorrelati on- of " the" engine • " 
t e st- dat a indicat es , however, that the steaS-y-flow coef- 
ficient is ' v6ry ■ us etui, whether or hot ' it is an accurate 
measure of the coefficient in actual- intermittent flow. 



■ APP-BNDIX B ' • ■ 

'■ THE ATIRAGE ELOW OOEIF'I OlilNlP 



The average flow coef f icient ^used .in_ the correlation 
of data in figure 12 'is defined as: .'' / 



o 



vfhe.re ■ 8^ is ,t.he. number ■ of crank /^degrea^^dusing which 

the valvQ is .open and 0 ia' the "f low .tf6ef f icient oorre- 
BBonding to a given, .crank .ariglef. -.-i'*':- - 

The average ■ f.l.o\([ ■ cdefficrent "was determined in the 
following manne.r •• -Eirst ,. the valve-lift 3ur*e was ob- 
tained from the cam profile (fig. -V) and the -rocker-arm 
ratio. From the curve of flow coefficient against lift- 
diameter ratio (fig. 9) it was then possible to plot a 
curve of 0 against 8 (fig, 17). 

The area under this curve was. then measured with a 
planimeter, and the average flow coefficient 0^^^ was 

obtained by dividing this area by the length of the ab- 
scissa 8q and multiplying by a scale faptor. The 

variation of 0 with ^ or/^a is shown in figure 18. 
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risure !•- General vlev of the apparatus slioviog eaglzie^ 
dynaoometer and controls. 




Figure 2.- Olose-up of engine shoving large intake plpe^ 
adjustable inlet-valve rooker axm and short exhaust pipe 
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VALVE OPERATING MECHANISM. 
FIGURE 6. 
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FIGURE 10.- SCHEMATIC LAYOUT OF THE STEADY-FLOW TEST APPARATUS. 
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Figure 9.- Variation of flotr coefficient vith lift-diameter ratio. 
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Figure 11.- Effect of Inlet-valve design, dleuaetex, and lift on air capacity. 
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Figure IS.- Effect of Inlet-valve design, diameter, and lift on power output. 



VAOA. TecbnloaL Note Ko. 915 



Flg8. 14,15.16 



\llft 

DiamX 
(ln.)\ 


.208 


.238 


.362 


Design. 


1.Q60 






6 




.950 


+ 




□ 


> 


.8S0 




O 






1.060 











































































^ a 
1 ^ 


o 






























































































































































s 


























































































1 




























-±!>- 














































BS 

• 


■ > 














































V 



o 
a 



.3 .4 
PI B ton speed 



.5 .6 

Platon area 

Sound velooity Talve area 

Figure 14 



.2 .3 .4 .5 

PI a tog speed ^ Piston area ^ 

Sound Tjsloolty Vaave area at 

Figure 15 



6 .7 

.445 
. flow ooerc. 



15 



s 

& 

a 
u 
o 
x) 

n 

ID 



10 



































1 








Jdmu 




.208 








>ealE 




















\(ln.) 
DlajnX 


.236 


.262 


5n - 
























B 








.960 
.830 


+ 


R- 
> 


o 
□ 


> 


























1.0 


50 












0 








: 






























































I 


































































































































/ 
































/ 
































































A 


































































































































/ 



































o 



s 



o 



.004 



.008 



.012 .016 .020 
Air oapsolty, lb/sec 



.024 



.028 



.032 



Figure 16.- Effect of air capacity on indicated horsepoirer. 
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rigure 18.- Variation of average flow coefficient with I^nas/Dg* 
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